The alumina spray coating is a material containing many pores (cracks) and there is a crack-interference in the alumina spray coating, therefore, the crack-interference leads to a decrease in the fracture strength. There are some studies that have used the elastic analysis for two or more cracks. Moreover, there are some standards for the combining of the cracks. However, in ceramics including alumina, a study of quantifying the internal spread of the crack when interfering and presuming a static fracture strength with judgment of the crack-interference after the stable crack propagation is not known. In this study, after the alumina spray coating single layer was taken out, a Vickers' indentation crack was introduced, a 4-point bending test was performed and a R-curve was acquired. As a result, the fracture strength characteristic of the alumina spray coating single layer was clarified. Three judgments of the crack-interference with the R-curve were then proposed. Moreover, a correction method of the crack-shape when the cracks interfere was proposed. The validities of the proposals were verified with bending tests after two Vickers' indentation cracks were introduced.
Introduction
The alumina spray coating has many advantages; for example, a good corrosion resistance, good electrical insulation properties, etc. Therefore, it is used for the electrostatic adsorption film of the specimen support and film that ptotects the cover parts from plasma in semiconductor-fabrication equipment. We pay special attention to the fracture strength related to the various characteristics of the alumina spray coating in this study. The alumina spray coating is widely used as an electric insulation material and a corrosion prevention material, and the fracture that decreases these functions should be prevented.
There are many studies (1) - (5) concerned with the fracture strength of spray coatings.
However, there are few studies concerned with the fracture of a single layer spray coating. Moreover, although there is a study (5) that discussed the fracture toughness value of a spray coating, its result was based on an evaluation from the one adhered to a base material.
In the first (8) of our reports, we focused on the residual stress that significantly influenced the fracture strength, and we proposed a prediction method and control techniques for the residual stress of the spray coating from an energy viewpoint. In this study, we focused on the fracture strength of a spray coating single layer, and we proposed a method of quantifying the interference between pores in the spray coating which significantly influence the fracture strength. Because the alumina spray coating has many pores, the size and the location of the pores are speculated to be closely related to the fracture strength. The size and the location vary even if the spray parameters are controlled, and then the size differences cause the differences in the fracture strength. Because many pores exist in the spray coating, the pores are close to each other and interfere with each other before the fracture. In this case, the cracks stably propagate from the pores, interfere with each other and the shape-change in the cracks influences the fracture strength. There are some studies (6) , (7) that discussed the crack-interference based on the elastic analysis of two or more cracks. However, there is no study of a interference-judgment of the crack after the crack stably propagates, and a static fracture strength prediction by quantifying the amount of stable propagation of the cracks in ceramics. There is a standard, " JSME S NA-1 2004 nuclear power equipment maintenance standard for power generation" on the coalescence condition of the cracks. However, the material and the crack propagation mechanism are limited in the standard. Therefore, there is a concern that an engineer will make a wrong judgment about a ceramics that has the crack-propagation mechanism based on the R curve. Moreover, because the above-mentioned standard does not consider the difference between the shape and the absolute size after the crack-propagation, the ease of coalesce by the difference in the size cannot be judged. The present authors will propose an interference-judgment condition of the crack and the crack-shape correction method when the interference occurs. The validity of the proposals will be verified by a four-point bending test on the specimen in which two artificial cracks larger than the pore are introduced.
Proposed interference-judgment condition of crack and crack-shape correction method

Interference model of cracks
It is well known (5) that the fracture toughness value of a ceramic spray coating depends on the binding rate between the melted particles. It is speculated that the binding rate between particles can be evaluated by the existence rate of the pore; that is, an unconnecting part. However, it is speculated that the crack stably propagates from the pore before the unstable fracture. The stress concentration factor depends on the radius of the pore. The crack begins to propagate from the edge of the pore when the curvature radius is infinite; that is, the pore can be considered to be a crack. It is then assumed that all pores obtained from the cross-section perpendicular to the load direction are considered as a crack from the viewpoint of the safe design in this study, and the pore is called a crack in this study. If the crack area increases, the true stress increases because of the true area reduction. However, in this material, the true stress would not increase very much, because the crack area is only 2 ～8% (the measured value by the Archimedes method). The main factor controlling the unstable fracture is the maximum stress intensity factor of a crack in the spray coating, because the existence probability of a large crack increases. Moreover, it is speculated that the crack interferes because the existence ratio of the crack increases and the maximum stress intensity factor in the sample increases.
An electron micrograph of the spray coating in the section perpendicular to the load is shown in Fig. 1 . There are many cracks, and the cracks are adjacent as shown in the figure.
If there are an interference-judgment condition of the crack and a crack-shape correction method that considers the stable crack propagation, the interference-judgment and the crack-shape correction can be automated in a natural crack with the complex arrangement shown in Fig. 1 . The interference-judgment condition of the crack that considers the stable crack propagation was then first examined in this study. In a natural crack, the present authors divided the interference patterns into certain patterns, because there are many interference levels, and we aimed at this proposed method, thus we could simply and accurately calculate the stress intensity factor on the safety side. Considering the interference judgment condition, the following items were examined.
Interference-difference in similar specimens
In the elastic analysis, there is no interferential difference compared by the stress intensity factor when the size and the distance of the two cracks are proportional. However, the difference can be seen by considering the stable crack propagation process in the fracture phenomenon. We provide a discussion with schematic diagrams of the semi-circular surface crack for sake of simplicity. Figure 2 shows schematic diagrams of a pair of cracks which have a proportional size and distance. The size of the two standard cracks are assumed to be a and b, the distance between the two cracks is assumed to be l, the proportional constant is assumed to be the k value (>1), the length of the stable crack propagation in the smaller crack is assumed to be Δc 1 , and the length of the stable crack propagation in the larger crack is assumed to beΔc 0 .
The coalescence of the crack occurs in a crack with an absolutely small size ( Fig. 2(a) ), while the coalescence never occurs in a crack with an absolutely large size ( Fig. 2(b) ). The interference-judgment condition of the coalescence of the cracks in which the stress intensity factor especially grows in the crack-interference is expressed by the following equation.
If l < Δc 0 + Δc 1 , two cracks coalesce.
(1) Fig. 1 Cross section of alumina spray coating 
Interference limit distance between cracks
The size of the small crack can be disregarded when compared to the large crack, thus the interference can be also disregarded. Noda et al. pointed out (7) that the interference can be disregarded if there is a space greater than the crack size of the smaller one. The interference-judgment condition of the crack can be obtained as follows. Figure 3 shows schematic diagrams of two surface cracks just before the unstable fracture after the stable propagation. The interference-judgment condition of the two cracks, when the stress intensity factors are greater than that of the single crack, is expressed by the following equation.
The interference pattern was divided into three patterns as follows from the above-mentioned interference-judgment condition. Figure 4 shows the relation of two surface cracks just before the unstable fracture. The crack propagation length in the figure shows the crack propagation length without any interference. When a'，b' and l' are newly defined as shown in Fig. 4(b) , it is possible to arrange it from Eqs. (1) and (2) 
Stable crack propagation length and interference-judgment condition
It is necessary to obtain the stable crack propagation lengths, ∆c 0 and ∆c 1 , in order to use the interference-judgment condition of Eqs. (3) to (5). This section will then show the method to obtain the ∆c 0 value and the ∆c 1 value by using an R-curve.
The schematic diagrams of an R-curve, which show the relation between the crack propagation length and the crack propagation resistance K R -∆c relation, are shown in Fig. 5 . This figure shows that the crack stably propagates by Δc 0 from K C ( the stress intensity factor when the crack begins to propagate) to K C ∞ ( the stress intensity factor for the unstable fracture). The Δc 0 value can be obtained from the R curve. Next, the method to calculate the ∆c 1 value will be described. The stress intensity factor of a small crack before an unstable fracture in Fig. 4 is assumed to be K C ∞ 1 . It is assumed in this study that there is no interference.
If the stress when the unstable fracture acting on two cracks is assumed to be σ C and the profile coefficient is assumed to be F, K C ∞ can be expressed by the following equation. Crack propagation length ∆c
When σ C and F are deleted from Eqs. (6) and (7),
In the R curve, the relation between K R and ∆c until ∆c 0 is defined by the next equation.
If ∆c 1 is used in Eq. (9), K C ∞ 1 is expressed by Δc 1 , and Δc 1 can be calculated by Eq. (8). The approximated R curve used in this study is shown by the broken line in Fig. 6 . The stress intensity factor at the point ofΔc =0 is assumed to be K C and the stress intensity factor when the K R stops to increase is assumed to be K C ∞ . The K C ∞ is connected to K C by a straight line and the line is assumed to be the approximated R curve. The purpose of the approximation is as follows. For K C ∞ 1 of Fig. 6 , the crack propagation length in the approximated R curve becomes longer than the crack propagation length from the original R curve. If the crack shape is presumed by using the approximated R curve, the fracture strength is estimated lower than the original one. In other words, it leads to the presumption of the fracture strength on the safety side by using the approximated R curve as the convex curve of the crack propagation resistance rise (which will be described later) in this study. It is assumed in this study that the strength on the safety side is necessary for the strength design, and this approximation mentioned is effective. Moreover, it is technologically more useful to presume the strength simply by the above-mentioned approximation than conducting a detailed experiment to strictly obtain the function of Eq. (9).
Fig. 6 Approximated R-curve
Crack propagation length ∆c
Original resistance
Approximate resistance
Crack propagation resistance K R The next equation is obtained from the approximated R curve shown in Fig. 6 .
It can be shown as follows by the deletion and arrangement of K C ∞ 1 from Eqs. (8) and (10) , in which A 1 , B 1 , and C 1 are defined as the coefficients.
Here, A 1 , B 1 , and C 1 are as follows.
If the values of a, b, K C , K C ∞ , and Δc 0 can be obtained, Δc 1 can be calculated from Eq.
(11).
Proposal of crack-shape correction method when interference occurs
The crack-shape after the interference is uncertain though the interference pattern can be judged from Eqs. (3) to (5) . Because the crack propagation changes by the material, the crack-shape after the interference is easily estimated to have various shapes based on the material. In this study, we then propose a unified method to obtain the crack-shape after the interference using the R curve. Figure 7 shows schematic diagrams of two surface cracks just before the unstable fracture after the crack stably propagates using Eq. (4). There are two semi-circular cracks which have different sizes, and the crack length of the small crack is half the crack length of the large crack. The difference in the stress intensity factor of both crack tips is about 1% according to Noda (7) , when the distance of the cracks is equal to the small crack size. It is postulated that the same propagation occurs at both crack tips by not causing any difference in the stress intensity factor at both tips before the interference in the range of Eq. (3) (Fig.  7(a) ). From the result of Noda (8) , the stress intensity factor of the inside crack tip increases 
(a) Before two cracks interfere (b) After two cracks interfere as the cracks interfere (in the range of Eq. (4)). Due to the crack propagation after interference, the stress intensity factor of the inside crack tip increases in the high-dimensional function compared to the stress intensity factor in another tip, and the crack propagation length from the inside crack tip increases in the high-dimensional function compared to the crack propagation length from another tip. From the viewpoint of the above-mentioned consideration and the easiness of the application as a simulation, it is assumed that the crack propagation length in the outer direction is disregarded after the interference. The study that clarifies the influence of the disregarded crack propagation length is a future task. Therefore, after the interference, it is assumed that the symmetry of the crack propagation is collapsed, and the crack propagates only in the inside direction as shown in Fig. 7(b) selectively in the range of the stable crack propagation. Here, if the stable crack propagation length from each crack tip of the small crack and the large crack is assumed to be ∆c 1 and ∆c 0 as shown in Fig. 4 , the stable crack propagation length from each initial crack become 2∆c 1 and 2∆c 0 for both sides. The stress intensity factor of the inside crack tip increases in the high-dimensional function with the crack propagation having interference. Therefore, it is presumed that the sum total of each crack propagation length when unstable fracture with the crack interference is smaller than the sum total 2∆c 1 and 2∆c 0 of each crack propagation length when the unstable fracture without interference. However, it was assumed the same of the sum total length (2Δc 1 , 2Δc 0 ) of each crack propagation length without any interference with the sum total of two each crack propagation lengths with interference from the viewpoint of industrial utility and the safe design in this study. Therefore, it leads to estimate the sum total length longer than that of the actual crack propagation length. The next equation is based on the above-mentioned assumption. 
the crack propagates in the range of Eq. (3), it is thought that the crack propagates similar to Fig. 7(a) (Fig. 8(a) ). If there is an interference in the range of Eq. (4), it is thought that the cracks propagate similar to Fig. 7(b) . From the coalescence beginning point, we explain by using Fig. 9 , which is a crack section schematic diagram in Fig. 8 (c) . A large difference occurs between the stress intensity factor K IS of the surface point and that of the stress intensity factor K ID of the deepest point just after the coalescence compared to before it coalesces, and the crack is speculated to selectively propagate based on the difference. The crack is thought to stably propagate in the shaded portion to the dotted line where K IS and K ID become equal to that in Fig. 9 . We then assumed that the crack is a half-elliptical crack which is shown by the dotted line in Fig. 9 . From the viewpoint of the safe design in this study on the dotted line, K IS and K ID are equal. After the coalescence, the crack is thought to symmetrically propagate as shown in Fig. 8(c) .
From both tips of the crack when coalescing from the viewpoint of industrial utility and the safe design as well as the case of Eqs. (12) and (13), the following relational equation is obtained from Fig. 8 (c) when assuming the sum total 2∆c 1 , 2∆c 0 of each crack propagation length without any interfere with the sum total of each crack propagation length that propagates from both tips of the crack when they coalesce. 
If the distance between the cracks Δc 0 '+Δc 1 '+Δc 0 ''+Δc 1 '' shown in Eqs. (14) and Fig. 8 becomes small, 2Δc 0 ''' in Eq. (14) become large. When the distance between the cracks is 0 and Δc 0 =Δc 1 , Δc 0 ''' becomes the maximum value of 2∆c 0 . It can be thought that the substantial change in Δc 0 ''' does not essentially exist for ∆c 0 based on the characteristic of the R curve as long as the crack shape after the coalescence does not extremely change and the function type of the stress intensity factor does not significantly change. By using the above consideration, Δc 0 ''' is assumed to be ∆c 0 even for the maximum value andΔc 0 ''' is calculated to be 2∆c 0 by Eq. (14). However, Δc 0 is originally small compared with the initial crack length. Furthermore, Δc 0 becomes smaller compared with the coalesced crack. Moreover, it can be thought that the influence of the ∆c 0 increases to the stress intensity factor proportional to the square of the crack length is small. We give priority to the engineering use to which the program is able to be simplified by simulating a natural crack from the above-mentioned consideration, and it is assumed that the overestimation of the above-mentioned ∆c 0 ''' by Eq. (14) can be allowed from the viewpoint of a safe design. If the R curve of each material is obtained, the crack shape after the interference from the above-mentioned technique can be predicted. Fig. 9 Crack-shape just after coalescence of two cracks
Validity of crack interference judgment condition and crack-shape correction method
In this chapter, the validity of the crack interference judgment condition, which is proposed in Chapter 2, and the crack-shape correction method when interfering are verified by the material testing. Figure 10 shows the specimen configuration and the test method of the alumina spray coating used for a four-point bending test. The specimen used in this study is the alumina spray coating single layer after the spray coating of alumina, whose mean grain diameter is about 18µm, on a titanium base material using a plasma spray machine (refer to our first report (8) ). The method is as follows. The surface of the titanium base material was polished in order to weaken the adhesion by the spray coating, the spray coating was done on the polished side, and then mechanically removed. The output power used for the spray coating was 64kW, and the spraying distance was 100mm. The crack observation side was polished with emery paper. Suzuki' s methods (9) was used to obtain the R curve. The procedure is as follows. First of all, an initial crack by the Vickers' indenter was introduced. The length of the crack was the measured by an optical microscope after some force in the four-point bending test, and then the stress intensity factor was calculated. The speed of the crossing head was 0.1mm/min. The Vickers' indenter was used for the initial crack in this study. However, because the residual stress was generated by indentation, the stress intensity factor could not be evaluated. When the true stress intensity factor was assumed to be K I , the load stress intensity factor in the appearance by the crack length measurement is assumed to be K IT and the stress intensity factor based on the residual stress around the crack by the Vickers' indenter was assumed to be K RV , the true stress intensity factor K I was then depicted by the following equation.
Obtaining the R curve
The crack propagated with the bending load. Figure 11 shows a schematic diagram of the crack shape. The crack shape is assumed to be a semi-circular crack as that reported by The stress intensity factor K IT by the bending was calculated by the methods of J.C. Newman (10) . Because the surface was observed, the stress intensity factor in the direction I which the surface crack propagates was calculated as K IT . Figure 12 shows the relation between the measured K IT and surface crack half length c. Figure 12 is the result of the loads P=98N and P=196N .
The following relation (11) is generally used for K RV .
Here, χ r is a constant. By Eqs. (15) and (17), K IT is expressed as follows. Figure 13 shows the relationship between K IT and P/c 3/2 . The applied loads were P=98N and P=196N, though the R curve character is similar to the sintered alumina in Reference (9), the calculation technique in Ref. (9) was used to obtain K C ∞ and the χ r calculation. The straight line shown in Fig. 13 is the approximated crack propagation length by the K IT least squares approximation for cracks longer than 0.033mm, and the line shows a good correlation with the experiment point. Therefore, the crack propagation length longer than 0.033mm does not contain the R curve behavior, but it is thought that it follows the Eq. 
Validity of interference-judgment condition
Three pattern specimens that satisfied Eqs. (3) to (5) were artificially made with the Vickers' indentation. The fracture strength of the specimen is predicted by the technique in Chapter 2 and then compared with the fracture strength measurement value by the four-point bending test. Two artificial cracks were made by the load P=98N, and the speed of the crossing head in the four-point bend test was 0.2mm/min. The specimen that satisfied Eqs. (3) to (5) included Specimen B, Specimen C, and Specimen D. In this study that uses the Vickers indentation pre-crack, it should be assumed that ∆c 0 is the stability crack propagation length that can be read from Fig. 12 , and the specimen should satisfy Eqs. (3) to (5) . Figure 15 shows the result that the horizontal axis of Fig. 12 was converted into ∆c and an R curve similar to , and this value is about 2.5% for K C ∞ =1.18 m MPa . Strictly speaking, the residual stress of an individual crack has an influence on the stress intensity factor of both cracks, therefore, Fig. 15 was used for the practical advantage though the R curve of Fig. 15 based on a single crack propagation was not able to be applied. The stress intensity factor at the right tip after the left crack propagation due to the residual stress of the crack at the right of Fig. 16 (b) . Strictly speaking, the residual stress of an individual crack has an influence on the stress intensity factor of both cracks, therefore, Fig. 15 was used for the practical advantage though the R curve of Fig. 15 based on a single crack propagation was not able to be applied. The residual stress of both cracks between individual cracks of Specimen D influenced each other, therefore, it is thought that the crack propagation occurs earlier than when the R curve of Fig. 15 is used because of the residual stress of both cracks until their coalescence. The stress intensity factor at the right tip after the left hatching crack propagation due to the residual stress of the crack at the right hatching of Fig. 16(c . Therefore, the influence of the residual stress that an individual crack causes for a crack cannot be disregarded between the cracks. However, the stress intensity factor at the left tip of the left crack hatching by the residual stress is 0.08 m MPa , and this value is about 7% for
.Therefore, the influence of the residual stress can be considered for practical use for the crack propagation after the coalescence. It is thought that the coalescence between the cracks actually comes early, however, it was for the practical use R curve of Fig. 15 , because this phenomenon only occurs during the first stage of the crack propagation. The value of a' and l' that is the threshold to judge which of Eqs. (3) to (5) It is not necessary to think about the interference for the Specimen B fracture strength, therefore, the fracture strength is thought to be the same strength predicted from the crack shape after propagation of the one large crack in the specimen. The stress that causes the same fracture toughness K C ∞ (=1.18 m MPa ) was obtained by the methods of J.C. Newman (10) based on the shape of Fig. 16 (a) , which is 77.8 MPa (fracture strength estimation of Specimen B).
(2) Fracture strength prediction of Specimen C First at all, the shape after the crack propagation is predicted using the technique described in Section 2.3 about the fracture strength of Specimen C. Figure 17 shows the result of predicting the crack shape before its unstable fracture from Eqs. (12), (13) and Fig.  16(b) . We think that the finite element method is suitable to evaluate the stress intensity factors for these crack sizes and arrangements. We think that the stress intensity factor near the other crack became large (Noda et al. (7) ) by interference, and the starting point of the unstable fracture is analyzed by paying attention to the C' point and C" point in Fig. 17 . Figure 18 shows the finite element mesh division chart and the boundary condition. For Young's modulus, 35GPa obtained from the load displacement curve of the four point bend test in the specimen without the Vickers' indentation was used. The Poisson ratio was assumed to be 0.2. The stress distribution crack near the tip was obtained by the finite element analysis by applying the bending load to the crack side with the symmetry plane not affected. The stress intensity (stress intensity factor = K C ∞ of Point C''), the maximum tensile stress is 67.0 MPa (it is fracture strength estimation of Specimen C). (3) Fracture strength prediction of Specimen D First of all, the crack shape after the crack propagation was predicted using the technique described in Section 2.3 for the fracture strength of Specimen D. Figure 19 shows the estimated result. It was shown that the surface crack length after the crack had propagated from Fig. 16(c) and Eq. (14), and the crack depth was assumed to be crack depth that the stress intensity factor of the surface crack tip corresponded to the stress intensity factor of the deepest point in the crack by the methods of J.C. Newman (10 ) . When the stress that become the same stress intensity factor of K C ∞ (=1.18 m MPa ) based on Fig. 19 , it is 58.5MPa (the fracture strength estimation of Specimen D).
In each specimen, the fracture strength predicted using the shape correction method of the crack and fracture strength predicted only by the maximum length crack and fracture strength and confirmed by the bend test are shown in Fig. 20 by □, △, and •, respectively. The fracture strength estimated by using the shape correction method of the crack shown by □ and the experimental results shown by • have a better correlation than fracture strength predicted using only the maximum length crack shown by △. As a result, it is thought that the interference judgment condition of the crack proposed by this study and the crack-shape correction method when interference is appropriate. It can be concluded that the maximum length crack alone has not been paid attention, but it is necessary to consider the individual interference with the crack and the internal propagation after the coalescence to predict the accurate fracture strength based on the above-mentioned discussion. If the crack interference-judgment condition and the crackshape correction method shown by this study are used, a simple and highly accurate estimating of the influence on the fracture strength of two or more cracks that are sure to exist in an actual spray coating becomes possible, and a useful result is expected to be technologically obtained. Moreover, while not shown in this study, it is thought a grasp of the difference in the value of fracture toughness (12) becomes important for the strength prediction of the spray coating. The study of the fracture strength of the spray coating of only a natural crack that considers the technique of this study and the difference in the fracture toughness will be reported in the future.
Conclusion
The following conclusions were obtained as a result of examining the static fracture strength of the alumina spray coating by using an alumina spray coating layer that was removed from the base material. （1） The R curve of the alumina spray deposit was determined. The stable crack propagation length until unstable fracture, the stress intensity factor when the crack propagation began, and the crack to propagate and the stress intensity factor for an unstable fracture were clarified. （2） We proposed Eqs. (3) to (5) that is the interference judgment condition of the crack that was able to simply judge the interference by fracture mechanics. Moreover, we proposed a simple correction method of the crack shape after the crack interference. It was shown that the validity of the proposal was shown from the fracture strength measurement result and the prediction of the crack shape after the crack interference was necessary for the fracture strength prediction.
